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Effects of pertussis toxin on the behavioural and
ECoG spectrum changes induced by clonidine and
yohimbine after their microinfusion into the locus
coeruleus
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1 Pertussis toxin, a substance which interferes selectively with receptor-mediated signal trans-
duction mechanisms, was injected into the locus coeruleus of rats 1, 2, 3, 6 or 10 days before the
microinjection of clonidine or yohimbine into the same site.

2 Clonidine produced in control rats typical behavioural sedation and/or sleep and ECoG syn-
chronization while yohimbine produced behavioural arousal and ECoG desynchronization.

3 The behavioural and ECoG effects of both compounds were blocked in animals pretreated with
pertussis toxin. This activity was more marked from 2 to 6 days after pertussis toxin pretreatment
and was restored 10 days after toxin administration. In addition, the behavioural and ECoG slow-
wave sleep observed after intraperitoneal administration of clonidine (0.2 umolkg™?!) was signifi-
cantly reduced by prior (3 days) microinfusion of pertussis toxin into the locus coeruleus.

4 These results are consistent with the hypothesis that the behavioural and ECoG effects of cloni-
dine and yohimbine are mediated via a guanine regulatory protein which is affected by pertussis

toxin.

Introduction

It is widely accepted that the molecular events sub-
sequent to a,-adrenoceptor stimulation involve the
inhibition of adenylate cyclase via the inhibitory
guanosine 5'-triphosphate (GTP) binding regulatory
protein (Gi) in a variety of tissues and cells (see Agh-
ajanian & Wang, 1986). Recently the availability of
agents such as cholera and pertussis toxin (PTx),
which interfere selectively with receptor-mediated
signal transduction processes (Bokoch et al., 1983;
Abood et al., 1985; Ohta et al., 1985), has been used
as a valid tool to improve our knowledge of cellular
events leading to the pharmacologigal action of com-
pounds acting on a«,-adrenoceptors. In particular,
PTx has been shown to prevent receptor-mediated
adenylate cyclase inhibition by adenosine §'-
diphosphate (ADP) ribosylation of a nucleotide
binding protein (Gi) in the cell membrane (Hazeki &
Ui, 1981; Jakobs et al., 1984).
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In previous experiments we have shown that
clonidine microinfused directly into the rat locus
coeruleus (LC) at extremely low doses produces
dose-dependent behavioural sedation and/or sleep
accompanied by a significant increase in total
voltage power with a predominant increase in the
lower frequency bands (De Sarro et al., 1987).

In the present study we planned to ascertain
whether the intracerebral injection of PTx was able
to affect the behavioural and electrocortical spec-
trum power changes induced by selective
a,-adrenoceptor agonists, i.e. clonidine or antago-
nists, i.e. yohimbine, after their infusion into the
locus coeruleus of the rat. This could give some indi-
cation as to whether the a,-adrenoceptors located on
the noradrenergic neurones in the locus coeruleus
are linked in a negative manner to adenylate cyclase.

Methods

Male Sprague Dawley rats (50-70 days old;
200 + 20.2g) were purchased from Charles River,
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(Calco, Como, Italy) and housed in stable conditions
of humidity (60 + 5%) and temperature (22 + 2°C).
They were fed with standard diet and had water ad
libitum. Animals were maintained on a 12 h light and
12 h dark cycle (lights on 06 h 00 min—18 h 00 min, off
18 h 00 min—06 h 00 min).

Rats were stereotaxically implanted under choral
hydrate anaesthesia (400mgkg~! ip.; Carlo Erba,
Milan) with stainless steel guide cannula (25 gauge),
according to the atlas coordinates of Paxinos &
Watson (1982), to permit drug microinfusion into the
locus coeruleus.

After surgery a minimum of 24h was allowed
before experiments were carried out. All experiments
were performed beginning at approximately 10h
00 min. Freely moving rats were microinjected via an
injector cannula (28 gauge) which extended to
approximately 2mm below the tip of the guide
cannula.

Electrocortical (ECoG) activity was recorded via 4
chronically and symmetrically implanted steel screw
electrodes inserted onto each fronto-parietal cortex
(£2mm behind the bregma and +2mm lateral to
the midline) by a Stoelting stereotaxic frame. The
ground electrode was implanted epidurally over the
nasal bone. All electrodes and the injection guide
cannula were anchored to the skull by acrylic dental
cement. Electrocortical activity was recorded by
means of an 8 channel EEG machine (OTE BIO-
MEDICA, Florence). For statistical purposes, the
quantification of total voltage power (0-16 Hz) and
of single frequency bands (0-3; 3-6; 6-12; 12-16 Hz)
was carried out by using a Berg-Fourier analyser
(OTE BIOMEDICA) according to De Sarro et al.
(1987). ECoG power spectra were obtained by
averaging spectra derived from Smin ECoG epochs
and the integrated energy signals were expressed as
uV2s~1; the time constant (0.03s) was short enough
to reduce the number of artefacts (HF cut-
off = 5.3Hz).

The behavioural and electrocortical spectrum
power effects were studied in rats randomly divided
into two groups. The first group was treated with
PTx, while the second group received the vehicle in
which PTx was dissolved (67 mM sodium phosphate
buffer pH 7.4). The experiments with clonidine and
yohimbine were carried out 1, 2, 3, 6 and 10 days
after the administration of PTx or vehicle.

In addition, another 12 rats were randomly
separated into two groups, the first group receiving
PTx, the second treated with vehicle. In this case
clonidine was administered intraperitoneally 3 days
after the administration of PTx or vehicle.

The animals, placed individually in transparent
cages (35 x 35 x 25cm), were allowed 60 min before
drug administration to acclimatize to the new
environment. The behavioural changes and their

onset and duration were recorded after drug injec-
tion. Each animal was used only once.

Post-mortem histological examination confirmed
the location of the guide cannula. Only animals in
which the location of the injection site was con-
firmed histologically were used in the analysis of
behavioural and ECoG data.

To quantify changes of total voltage power and of
preselected bands of frequency induced by clonidine
or yohimbine in rats pretreated with PTx or vehicle,
the area (expressed in mm?) under the curve corre-
sponding to plotted total voltage values during
30 min periods after each compound was integrated
by means of a Commodore computer and the per-
centage changes of the integrated area in comparison
to the same interval area during the pretreatment
period were calculated according to the ‘trapezoidal
rule’ (Tallarida & Murray, 1981). To reduce inter-
animal variation of baseline electrocortical activity
and of single frequency bands, the percentage
changes following drug treatment were compared to
the values of the corresponding period before treat-
ment by use of analysis of variance (ANOVA) fol-
lowed, where appropriate, by analysis with Student’s
t test. The number of experiments are shown in par-
entheses.

Drugs

Purified pertussis toxin (gift from Dr E. Relyveld,
Institut Pasteur, Garches, France) or vehicle were
injected into the locus coeruleus in a volume of a
0.5 ul the day of stereotaxic implantation of cannula
and electrodes.

Clonidine hydrochloride (Boehringer-Ingelheim,
Germany) and yohimbine hydrochloride (Sigma St.
Louis, MO, U.S.A) were infused into the locus
coeruleus by using a 5ul Hamilton syringe, con-
nected by a teflon tube to an injector cannula. The
drug was infused in a volume of 0.5ul at a rate of
0.2 ulmin~"! and the cannula left in situ for a further
1 min.

Results
Clonidine and yohimbine effects in control rats

The behavioural and ECoG spectrum power
changes following focal microinfusion of clonidine
(0.56 and 1.2nmol) or yohimbine (1.3 and 2.6 nmol)
into the LC were similar to those already obtained
(De Sarro et al, 1987). In particular, clonidine
induced typical sedation and/or sleep and ECoG
synchronization with a periodic increase in total
voltage power, predominantly in the 0-3, 36 and
9-12Hz frequency bands, lasting from 125 to
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Figure 1 Effects of a single microinjection into the
locus coeruleus of clonidine (0.56nmol at arrow) on
electrocortical spectrum power. Note the significant
increase in (a) total and (b) 0-3, (c) 3-6, (d) 6-9 and (e)
9-12Hz voltage power. The slight increase in (f) 12~
16 Hz band was not statistically significant.

220min according to the dose. In contrast, yohim-
bine produced behavioural arousal, an increase in
locomotor and exploratory activity and ECoG
desynchronization, which were associated with a sig-
nificant decrease in total voltage power and that in
the 3-6, 6-9 and sometimes in the 9-12 Hz frequency
bands lasting from 60 to 160 min depending on the
dose. Figures 1 and 2 show some typical examples of
the ECoG changes which usually occur following
clonidine and yohimbine infusion into the LC.

Clonidine and yohimbine effects in PTx pretreated
rats

Preliminary experiments have indicated that PTx
(0.34, 0.68 and 3.4 ug) was only minimally effective
within the day of injection, while at 1, 2, 3, 6 days
after the administration of PTx (0.34, 0.68 and 3.4 ug)
the rats (n =6 for each group) usually displayed
‘hyperalgesia’ (i.e. they squealed when handled or
touched) and showed an alert state after sound or
touch stimuli. However, no significant changes in the
ECoG spectrum were observed.

Pretreatment with PTx (0.34 ug in 0.5 ul) produced
a gradual decrease of the responsiveness of the LC
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Figure 2 Effects of a single microinjection into the
locus coeruleus of yohimbine (2.6nmol at arrow) on
electrocortical spectrum power. Note the significant fall
in (a) total and in (c) 3-6, (d) 6-9 and (e) 9-12Hz
voltage power.

neurones to clonidine (Figure 3) and yohimbine
(Figure 4).

No significant changes of the effects of clonidine
(0.56 and 1.2nmol) and yohimbine (1.3 and 2.6 nmol)
were observed, in comparison to vehicle-treated
animals, 1 day after PTx treatment. In contrast, 2, 3
and 6 days after toxin treatment the behavioural and
ECoG spectrum power effects induced by clonidine
and yohimbine were reduced, abolished or reversed
in a dose- and time-dependent manner (Tables 1 and
2; Figures 3 and 4). In particular, a tendency to
reduce significantly or modify the responsiveness of
the LC neurones to the action of clonidine and
yohimbine was observed 2 days after PTx and it was
more markedly reduced or almost absent 6 days
after the pretreatment with PTx. However, the cloni-
dine ECoG synchronizing response and yohimbine
desynchronizing effect were restored 10 days after
PTx treatment (n = 8 animals).

Intraperitoneal administration of clonidine
(0.2 umol kg ™) also induced, in rats injected into the
locus coeruleus with vehicle, behavioural and elec-
trocortical soporific effects with an increase in total
voltage power and that in the 0-3, 3-6, 6-9 and
9-12 Hz frequency bands, whereas rats pretreated (3
days before) with PTx showed a slight and short
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Figure 3 Time course of the effects of an infusion into
the locus coeruleus of clonidine (0.56 nmol in 0.5 ul) on
the ECoG total voltage power at various times after
pretreatment, into the same brain site, with pertussis
toxin (PTx) (0.34 ug in 0.5 ul). Each column represents
the mean (bars show s.e.mean) of at least 6 observa-
tions. Groups of (a) vehicle- and (b—f) PTx-treated rats
were previously analysed by use of ANOVA followed,
where appropriate, by paired Student’s ¢ test. Signifi-
cance of the differences of total voltage power between
pretreatment period and post-drug periods are denoted:
*P < 0.05and **P < 001.

lasting behavioural sedation without an increase in
total voltage power and that in preselected frequency
bands.

Discussion

The signal translation of a,-adrenoceptor occupation
into a specific cell response negatively influences
adenylate cyclase via the inhibitory binding regula-
tory protein (Gi) in a variety of tissues (Jakobs et al.,
1976; Aktories et al., 1980; Yamazaky et al., 1982;
Kurose et al., 1983). Pertussis toxin (islet-activating
protein) is well known to prevent receptor-mediated
adenylate cyclase inhibition by ADP-ribosylation of
a nucleotide-binding protein (Gi) in the cell mem-
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Figure 4 Time course of the effects of an infusion into
the locus coeruleus of yohimbine (2.6 nmol in 0.5 ul) on
the ECoG total voltage power at various times after
pretreatment, into the same brain site, with pertussis
toxin (PTx) (0.34 ug in 0.5 ul). Each column represents
the mean (bars show s.e.mean), of at least 6 observa-
tions. Groups of (a) vehicle- and (b-f) PTx-treated rats
were previously analysed by use of ANOVA followed,
where appropriate, by paired Student’s ¢ test. Signifi-
cance of the differences of total voltage power between
pretreatment period and post-drug periods are denoted:
*P <005.

brane (Hazeki & Ui, 1981; Jakobs et al., 1984). In
addition, it has been demonstrated that Gi regulates
the binding affinity of the agonist and antagonist to
a,-adrenoceptors in cerebral cortical membranes
(Nomura et al., 1985).

The present data clearly show that PTx injected
into the LC of the rat significantly reduced or abol-
ished the effects of clonidine and yohimbine, two
specific compounds acting on a,-adrenoceptors. Qur
study also showed that behavioural and ECoG
soporific effects induced by intraperitoneal adminis-
tration of clonidine were markedly decreased in rats
pretreated with PTx. This strongly supports our
hypothesis that the locus coeruleus plays a major
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Table 1 Effects of clonidine (0.56 and 1.2nmol) injected into the locus coeruleus from control (vehicle) and per-

tussis toxin (PTx)-pretreated rats

Drug Time Clonidine % increase of baseline total voltage power Number of
pretreatment (days) (nmol) 1 h after clonidine 2 h after clonidine animals
Vehicle 1 0.56 +40.7 + 4.1 +336 145 8
Vehicle 1 1.2 +68.2 + 6.8 +574 +£ 5.7 8
PTx 1 0.56 +354+39 +21.7 + 3.2 8
PTx 1 1.2 +57.6 £ 6.6 +39.3 +4.1 8
Vehicle 2 0.56 +404 +42 +319 + 40 6
PTx 2 0.56 —3.5 4 2.2%* —1.7 £ 1.9** 6
Vehicle 3 0.56 +41.6 + 4.6 +323 437 6
PTx 3 0.56 —2.8 +24** —-2.7 + 1.6** 6
Vehicle 6 0.56 +39.7 + 39 +322 + 46 8
Vehicle 6 1.2 +66.3 + 7.1 +586 + 6.1 6
PTx 6 0.56 —3.9 +2.0** —23 4 1.7*+ 8
PTx 6 12 +3.5 4 2.7** +4.4 1+ 2.2** 6
Vehicle 10 0.56 +404 +43 +32.1 +£43 8
Vehicle 10 1.2 +672 1+ 6.7 +564 + 6.4 8
PTx 10 0.56 +412 +38 +319+41 8
PTx 10 1.2 +68.1 + 6.4 +56.5 + 6.2 8

Pertussis toxin (0.34 ug) or vehicle (phosphate buffer 67 mM) was injected into the locus coeruleus 1, 2, 3, 6 and 10
days before testing. The results are presented as mean values of the % increase of baseline total voltage power 1h
and 2h after clondine in comparison to control period in PTx- and vehicle-treated rats. Significant differences
relative to concurrent vehicle and PTx-groups are denoted: **P < 0.01 (unpaired Student’s ¢ test).

role in the soporific effects of clonidine (De Sarro et
al., 1987).

The antagonistic effects of PTx required some time
to take effect, since 24 h after PTx pretreatment the
ECoG changes induced by clonidine or yohimbine
were still present whereas they were significantly
reduced 2, 3 and 6 days after PTx pretreatment. This
phenomenon may reflect the slow penetration of the
toxin molecules into the cell membrane before reach-

ing their ultimate site of action on intracellular mem-
brane surface, and/or a lag period between the
activation of PTx and the induction of its biochemi-
cal effects on Gi as previously suggested (Katada &
Ui, 1982; Lujian et al., 1984; Fujita et al., 1985;
Parenti et al., 1986). Some authors have shown that
in radioligand binding studies PTx reduces the affin-
ity of a,-adrenoceptor agonists, probably as a conse-
quence of uncoupling Gi from the receptor (Boyer et

Table 2 Effects of yohimbine (1.3 and 2.6 nmol) injected into the locus coeruleus from control (vehicle) and per-

tussis toxin (PTx) pretreated rats

Drug Time Y ohimbine % decrease of baseline total voltage power Number of
pretreatment (days) (nmol) 1 h after yohimbine 2 h after yohimbine animals
Vehicle 1 1.3 —-274 1+ 24 —-26+120 8
Vehicle 1 2.6 —39.2 + 36 —-214+22 8
PTx 1 13 —264 +29 -27+22 8
PTx 1 2.6 —386+ 3.8 —203 £+ 26 8
Vehicle 2 1.3 —269 + 25 —24+23 6
PTx 2 13 +2.5+ 1.3** —29 + 1.8** 6
Vehicle 3 1.3 —276+23 -23+19 6
PTx 3 1.3 +3.7 + 1.5%* +24 + 1.8*% 6
Vehicle 6 1.3 —26.7 + 24 -22+17 8
PTx 6 1.3 +13.3 £ 34* +9.6 + 1.6** 6
Vehicle 10 13 —272+26 -25+1.7 6
PTx 10 1.3 —283+37 -31+21 6

Pertussis toxin (0.34 ug) or vehicle (phosphate buffer 67 mm) was injected into the locus coeruleus 1, 2, 3, 6 and 10
days before testing. The results are presented as mean values of the % increase of baseline total voltage power 1h
and 2h after yohimbine in comparison to control period in PTx- and vehicle-treated rats. Significant differences
between the concurrent vehicle and PTx-groups are denoted: **P < 0.01 (unpaired Student’s ¢ test).
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al., 1982; Kurose et al., 1983; Garcia-Sainz et al.,
1984; Nomura et al., 1985). Both the inhibition of
the GTPase and/or the uncoupling of Gi from the
receptor with the subsequent reduction of receptor
affinity should decrease the effects of clonidine and
yohimbine in PTx-treated rats. Pretreatment with
PTx was also able to prevent the hyperpolarizing
effects of the microiontophoretic application of clon-
idine on LC neurones (Aghajanian & Wang, 1986).
The latter and our data suggest that the regulatory
Gi protein, the multicomponent adenylate cyclase
system or other biochemical events associated with
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